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ABSTRACT 


The  constitution  of  the  titanium-aluminum  system  was  investi¬ 
gated  between  0$  and  36$  aluminum.  A  two  phase  region  o<  + 
was  found  to  exist  between  6.1$  and  3 6$  aluminum.  The  q  phase  is 
tetragonal  with  parameters  of  a  3  4.776  and  c  =  5*256. 

High  temperature  microscopic  methods  have  revealed  both 
diffusion  and  shear  types  of  transformation  in  titanium  and  titanium- 
aluminum  alloys. 
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INTRODUCTION 


The  titanium-aluminum  system  has  been  the  subject  of  a 
number  of  investigations,  and  although  much  information  concerning 
its  constitution  has  been  accumulated,  there  is  still  considerable 
doubt  concerning  the  constitution  of  the  titanium- rich  alloys « 

The  uncertainty  of  the  equilibrium  constitution  of  titanium-rich 
alloys  results,  in  large  measure,  from  the  ease  with  which  solid 
titanium  contaminates,  even  at  moderate  temperature s.  The  high 
affinity  of  titanium  for  oxygen  and  nitrogen  presents  a  problem  in 
producing  a  high  purity  alloy.  Other  characteristics  giving  rise 
to  experimental  difficulties  are  the  high  melting  point,  hardness, 
and  lack  of  machinability  of  titanium- rich  alloys. 

The  past  investigations  of  the  equilibrium  phases  in  the 
titanium-aluminum  system  were  mainly  by  metallographic  and  x-ray 
methods,  thermal  analysis,  and  resistivity  measurements.  Little 
theoretical  application  of  the  electron  theory  to  establish  phase 
limits  in  titanium  alloy  systems  has  been  made.  In  titanium  and 
transition  elements  there  exists  no  clear  understanding  of  the 
bonding  forces. 

In  view  of  the  uncertainty  of  the  constitution  of  the  titanium- 
rich  end  of  the  titanium  aluminum  system,  the  present  work  is  an 
attempt  to  ascertain  and  extend  results  of  previous  investigators 
by  introducing  new  experimental  methods. 
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LITERATURE  REVIEW 


The  phase  diagram  of  the  titanium-rich  end.  of  the  titanium- 

(1) 

aluminum  system  was  first  studied,  by  Ogden  et  al  whose  results 
are  shown  in  Figure  1.  Ogden  et  al  used  X-ray  techniques  on  quenched 
powders,  supplemented  by  metallographic  techniques  and  thermal 
analysis o  The  alloys  were  prepared  by  arc -melting  iodide  titanium 
and  high  purity  aluminum  in  a  water-cooled  copper  hearth.  The 
main  features  of  this  study  may  be  summarized  as  follows: 

1.  The  maximum  solubility  of  aluminum  in  oC  titanium  is 

26$.* 

2.  The  temperature  of  to  0  transformation  is  increased 
by  aluminum  additions, 

3«  A  new  phase  designated  %  occurs  between  3 4$  and  46$ 
aluminum.  This  phase  has  an  ordered  face-centered 
tetragonal  structure  with  an  axial  ratio  close  to  unity 
and  with  lattice  constants  very  close  to  the  lattice 
parameter  of  aluminum. 

40  Aluminum  additions  to  20$  do  not  significantly  lower 
the  melting  point  of  titanium.  Above  20$  aluminum  the 
me3.ting  points  of  the  alloys  are  considerably  lowered, 

(2) 

A  subsequent  investigation  by  Bumps  et  al  using  similar 
but  more  elaborate  techniques  resulted  in  a  more  refined 

*(A11  compositions  are  given  in  weight  per  cent.) 
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Figure  1.-  Ti-Al  Phese  Diegrem  of  Ogden  et  *1 


diagram  (see  Figure  2).  The  significant  features  of  this  investi¬ 
gation  are  as  follows: 

1.  A  peritectic  reaction  /9  +*  melt ^  occurs  be¬ 

tween  24.5$  and  3^.5$  aluminum  at  approximately  l46o 
deg*  C* 

2*  A  second  peritectic  reaction  4“  melt  ^TiAI3 
occurs  at  1340  deg.  C.  between  60$  and  64$  aluminum0 

3.  A  peritectoid  reaction  /9  t  K  ^  occurs  be¬ 
tween  29$  and  34.5$  aluminum  at  approximately  1340  deg.  C. 

4*  The  /3  transformation  temperature  is  raised  from 

885  deg.  C.  at  0$  aluminum  to  1240  deg.  C.  at  29$  alumi¬ 
num.  A  narrow  <X  + /3  field  is  indicated.  The 
phase  transforms  to  "serrated"  oi  on  quenching, 

5.  The  lattice  parameter  of  the  c(  solid  solution  changes 
considerably  with  initial  additions  of  aluminum,  and 
levels  off  near  the  solubility  limit . 

6.  The  hardness  of  the  solid  solution  increases  with 
increase  in  aluminum. 

The  results  of  Bumps  et  al  received  confirmation  by  the  work 

(3) 

of  Kamilov  et  al  using  similar  techniques.  Kamilov  reports 
that  the  phase  was  successfully  retained  by  quenching,  but  it  is 
significant  to  note  that  commercial  grade  titanium  was  used  (99«5$  Ti). 
>) 

Sagel  et  al,  using  electrical,  magnetic,  microscopic,  and 
X-ray  techniques,  revised  the  diagram  by  including  new  phases  in 
the  ^  region  (see  Figure  3)  hitherto  not  reported.  The  new  phases 
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TEMPERATURE 


5. 


Figure  Ti-Al  Phase  Diagram  of  Bumps  et  a  1 


were  identified  by  microscopic  and  electrical  methods,  but  only  the 
£  phase  which  appears  about  18$  aluminum  could  be  confirmed  using 
X-ray  diffraction  techniques.  The  6  phase  was  tentatively  identi¬ 
fied  as  tetragonal  with  an  a  parameter  of  3»76°A  and  a  c/a  ratio 
of  10 26.  The  solid  solubility  of  aluminum  in  titanium  was  shown 
to  be  a  maximum  at  10$  aluminum  falling  to  6$  at  room  temperature. 

This  restricted  solid  solubility  of  aluminum  in  titanium 

(5) 

was  confirmed  by  Crossley  and  Carew  in  their  work  on  the  embrittle¬ 
ment  of  titanium-aluminum  alloys  in  the  range  6$  to  10$  aluminum. 

By  metallographic  and  X-ray  diffraction  methods,  they  showed  the 

(7) 

formation  of  a  precipitate  similar  to  TiaAl.  The  extent  of  the  pre¬ 
cipitation  depended  on  aging  temperature,  and  time  and  also  on 
aluminum  content.  Aging  at  550  deg.  C*  for  about  48  hours  appeared 
to  be  the  optimum  condition  for  inducing  embrittlement. 

(6) 

Saulnier  et  al  using  electron  microscopy  and  electron 
microdif fraction  methods  on  titanium  alloys  containing  15$  aluminum 
showed  evidence  of  a  hexagonal  close-packed  ordered  phase  with  cell 
parameters  a  ■  5»77°A  and  c  2  4015°A.  This  phase  occurs  in  sub- 
microscopic  plates  parallel  to  the  (1010)  planes  of  the  ^  solid 
solution. 


In  their  studies  of  the  titanium-aluminum-oxygen  system 
(7)  ’ 


Margolin  et  al  discovered  an  intermediate  phase  that  had  not 
been  reported  by  previous  investigators.  On  the  basis  of  this  dis- 
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Figure  3.  Ti-Al  Phase  Diagram  of  Sagel  et  «1 


covery,  they  reinvestigated  the  titanium-aluminum  system  and  re¬ 
ported  numerous  phases  previously  not  shown  in  the  range  7$  to  25$ 
aluminum  (see  Figure  4).  The  results  of  Margolin  et  al  were  "based 
on  the  metallographic  studies  of  heat-treated  specimens  but  could  not 
be  confirmed  by  X-ray  diffraction  techniques* 

From  this  summary  of  previous  work  the  following  comments 
can  be  made;  The  somewhat  confused  status  of  the  constitution  of 
titanium-aluminum  alloys  suggests  that  the  experimental  techniques 
employed  by  previous  investigators  may  be  in  need  of  refinement  and 
modification*  Of  primary  importance  is  the  necessity  to  use  high- 
purity  titanium  and  aluminum*  Commercial  grade  titanium  and  alumi¬ 
num  may  contain  up  to  0*5$  foreign  material  which  would  undoubtedly 
affect  the  experimental  results*  Iodide  titanium  bar  and  super 
purity  aluminum  are  recommended.  Secondly,  it  is  necessary  to 
produce  high  purity  homogeneous  alloys  and  heat-treat  these  alloys 
without  contamination*  The  standard  practice  of  making  alloys  was 
arc  melting  in  a  water  cooled  copper  hearth  under  an  argon  atmo¬ 
sphere*  With  this  technique  there  arises  doubt  as  to  the  homogeneity 
and  purity  of  the  ingot  since  the  molten  metal  is  in  direct  contact 
with  the  electrode  and  hearth  for  some  time*  A  large  temperature 
gradient  thus  exists  in  the  metal*  Recent  developments  in  levitation 
melting  eliminate  contact  between  any  body  and  the  molten  metal,  and 
assure  complete  homogeneity* 
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Figure  4.  Ti-Al  Phase  Diagram  of  Margolin  et  al 


EXPERIMENTAL 


The  experimental  approach  to  determine  the  constitution 
of  the  titerium-rich  end  of  the  titanium-aluminum  system  was  based 
on  X-ray  diffraction  techniques,  supplemented  by  high  temperature 
metallographic  methods*  An  attempt  was  also  made  to  confirm  the 
results  of  high  temperature  microscopy  with  high  temperature  X-ray 
diffraction. 


Controls 

To  obtain  a  correct  evaluation  of  accuracy  and  reliability 
of  the  experimental  methods,  it  was  necessary  to  standardize  pro¬ 
cedures.  From  previous  worlc,^  the  behaviour  of  iodide  titanium  con¬ 
taminated  by  the  elements  oxygen  and  nitrogen  is  well  known.  The 
primary  criterion  for  the  degree  of  contamination  is  the  marked 
increase  in  hardness  associated  with  the  presence  of  very  small 
quantities  of  oxygen  and  nitrogen.  Therefore,  the  heat-treatment 
processes  used  were  checked  by  runs  on  titanium  to  determine  faulty 
technique.  A  chemical  analysis  was  also  made  on  filings  from  a 
powder  sample  to  determine  possible  contamination  from  the  file. 

Temperature -recording  instruments  were  calibrated  against 
a  potentiometer  using  a  standardized  platinum-platinum  13$  rhodium 
thermocouple* 


uGldiX'xdx.aco:  old  odi  oxX  oh  cX  ooxio'ix-  Xolao  derc  ho:  oil'  . 

•  3  •  •  oovr  ; ^7  1  :  .1: :  rl. ".~x  .V  1  cl  ....:■;  X  X  ’d  0  o  00  000 

;  0.1  coo.  led  0  d  X  ^  o :  pi  .  0  ...  .  id  010  XX.'  ;  o.~ 

l&rXJ*  ltx  J;  jii.  c  0  cd  ah  ©in  e.sXs  3  -7  d  .  1  ‘odd'-  oX  x*8iGnXoffi  o  hac  DT&oilBC?  sic? 
Xio-X  .  01  iiox  0  0-r  XxXX  tii.-t  .  concioij  ;  :•  o:;.X  oox .  :d  lie  1  Xo;  3 d c  ■;•; 

,  .  ±jof  ill!  ) 


ciioiX  i:cO 

0 _ i>  il:  1  .0  .  0  oo  o  h  \ .  ;  O:  00..  0  0  ± 0; 

-CI  :  IOUvCC-C  V.OOa  Cl  .100  0:00.  3.0  d  1  pole  J  .;  j  X.d  '  ."O;  1  -  old' 

o  I  d  I::  .  j  :  "  r  ,  X :  . oi  voi  Cl  ,00 

* r'vv-  :r  IX-  •-  o:  ,  .  sc  icol  Mi  .  .  ■  ..  1  sc 

XoXex,  .  0  X  30  ■  -old  ■■(ih  -X'  .  0  oc  01:0.  1  o'c  ox  a:  -  lied  loo  v,oo:  -XT'-- 

li  a  ,0.  v  Xo  :o.;.  0  0  &dd  >0.0  ,:_d  xooa3;;  saoJdoisrf  1  : 0  0 

ic.coo  - .  _:~d  e  l  j  ^ i  iC'.'r 00  .  *  :  pc ~id  1  Ci  '  .0  :  op-ix  oc  00 Idle  op 

'pel  '1  Oil.  ole;  -X  e  0  odd  1  3.00  o;g  ■  rloo  do  000  r  oca../  ae  00  oooi  ■ 

:  0  0.  c  aX  0  0  .0  a  1  c  rl ; ; :  r;  X  0  o  1 . .  c  ri 0  ,  0  ’  p  0  c :/ "  0  r.  d 

+  9111  2.0J  oil  ;  cod  o  i. 'o  '-.I  loco  0  1  1 :  d  0  "1  cl  0.0  coo.  10  loc  • 

CO.  1  jC  lee  OOl'Xsp  o  od  '.0:00  0:0  1  00  XiOO  01  -  Oil:  J  10 

"  .  oi  o  .  dX'  O.i 


I  If 


To  control  X-ray  diffraction  plots  runs  were  made  on  blanks, 
titanium  filings,  and  on  oxygen  contaminated  specimens  to  determine 
the  presence  of  stray  diffraction  lines  resulting  from  specimen 
mountings  and  the  position  of  diffraction  lines  caused  by  the  con¬ 
taminating  element  oxygen* 

Experimental  Techniques 

Preparation  of  Alloys 

Alloys  were  prepared  by  levitation  melting  (see  Appendix  A) 
iodide  titanium  (99 •9%  Ti)  and  super-purity  aluminum  (99*99 $  Al)  • 

To  remove  possible  contamination  from  dust,  grease,  etc*,  metal  stock 
and  handling  instruments  were  washed  in  acetone*  To  aid  homogeniz¬ 
ation  of  the  high  titanium  alloys  during  preparation,  a  hole  was 
drilled  into  a  titanium  bar  into  which  an  aluminum  rod  of  known 
weight  was  inserted*  All  small  bits  or  powders  of  metal  were  avoided 
as  these  may  be  lost  during  melting* 

To  make  alloys  of  2 5$  aluminum,  or  greater,  a  double  casting 
procedure  was  necessary  due  to  the  high  specific  volume  of  aluminum* 
In  the  first  stage,  titanium  was  cast  on  to  the  aluminum  to  fuse  the 
two  metals  together  and  in  the  second  stage  this  mechanical  mixture 
was  levitated  to  produce  an  alloy  whose  homogeneity  was  assured  by 
eddy  and  convection  currents  produced  during  melting.  All  castings 
were  made  in  a  polished  copper  mold*  All  alloys  were  reweighed 
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after  casting  and  showed  a  loss  on  melting  of  less  than  0 indi¬ 
cating  that  alloys  of  known  composition  can  be  prepared  in  the 
above  manner  with  high  accuracy. 

Investigation  of  Argon-Quenched  and  Kalium-Quenched  Powder  Specimens 

The  first  stage  of  the  experimental  work  was  heat-treat  -lent 
of  minus  200  mesh  alloy  powders  in  an  inconel  tube  quenching  furnace 
(see  Appendix  B)  followed  by  X-ray  diffraction.  A  fine  powder  was 
used  because  equilibrium  conditions  could  be  attained  quickly  at 
high  temperatures,  and  retardation  of  transformations  due  to  volume 
restrictions  is  minimal.  It  was  hoped  that  the  high  temperature 
phases  would  he  retained  on  quenching. 

Powders  were  obtained  by  filing  and  screening  to  minus  200 
mesh.  Initially,  powders  above,  as  well  as  below,  200  mesh  were 
heat  treated  and  examined  to  ascertain  that  there  is  no  segregation 
in  one  or  other  fraction.  Iron  contamination  by  the  file  was  re¬ 
duced  to  a  minimum  by  passing  a  magnet  over  the  filings.  The  speci¬ 
mens,  about  0.1  gram  in  mass,  were  heated  to  temperature  in  argon 
and  quenched  in  argon  or  helium  as  described  in  Appendix  B.  Alloys 
ranging  from  2.26$  to  18.23 $  aluminum  were  quenched  from  temperatures 
between  800  deg.  C.  and  1200  deg.  C.  It  was  found  that  no  high 
temperature  structures  could  be  retained  using  argon  as  a  quenching 
medium,  therefore,  the  initial  quenching  medium  of  argon  was  replaced 
by  helium,  which  has  a  greater  heat  capacity.  Several  runs  were  made 
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on  pure  titanium  to  assure  a  contamination- free  operation. 

A 

•/ 

X-ray  powder  photographs  were  obtained  from  the  quenched 
powders  with  copper  radiation  in  conjunction  with  a  wide  range 
goniometer.  Microstructures  of  the  powders  were  al3o  examined. 
Several  alloys  were  slow-cooled  from  900  deg.  C.  and  1000  deg.  C. 
to  determine  equilibrium  phases. 

None  of  the  techniques  in  the  preceding  sections  gave 
conclusive  results  about  high  temperature  phases.  Therefore 
other  methods  were  attempted. 

Investigation  of  Water-Quenched  Lump  Specimens 

The  second  stage  of  the  experimental  work  was  to  heat-treat 

lump  specimens  in  a  rapid  quench  furnace  (see  Appendix  C)  using 

water  as  a  quenching  medium.  The  samples  were  levitation  melted 

ingots  cut  to  -J-  in.  x  ^  in.  x  3/4  in.  The  use  of  lump  specimens 

eliminated  sample  contamination  during  filing  and  enabled  a  more 

detailed  study  of  micro structures  for  comparison  with  the  work  of 

(7) 

Margolin  et  al. 

Alloys  ranging  in  composition  from  5*5#  to  18.23 $  aluminum 
were  quenched  from  temperatures  between  6^0  deg.  C.  and  1000  deg.  C« 
The  alloys  were  brought  to  temperature  with  the  furnace  and  then 
soaked  for  twenty  minutes  at  temperature  prior  to  quenching.  A 
small  piece  of  titanium  was  inserted  alongside  the  alloy  to  indicate 
the  degree  of  contamination. 
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X-ray  diffraction  studies  were  made  on  each  specimen 


using  a  copper  target  and  the  wide  range  goniometer.  Due  to 
the  large  grain  size  of  the  lump  specimens,  preferred  orientation 
effects  prevented  adequate  X-ray  plots.  To  overcome  this  a 
specimen  spinner  (see  Appendix  E)  which  fits  into  the  shield  of 
the  goniometer  and  rotates  in  the  reflecting  plane  of  the  diffraction 
unit  was  developed.  This  spinner  greatly  diminished  the 
undesirable  effects  of  large  grain  size. 

Investigation  of  the  Effect  of  Long  Soaking  Periods  on 
Lump  and  Powder  Specimens 

The  third  stage  of  the  experimental  program  was  to 
ascertain  the  validity  of  work  by  Margolin  et  al^^  who  had 
observed  the  appearance  of  many  phases  after  long  soaking  periods 
at  high  temperatures.  Both  powder  and  solid  specimens  of  a 
series  of  alloys  were  sealed  under  argon  in  molybdenum -lined 
quartz  capsules  and  held  in  a  resistance  furnace  for  periods  up 
to  570  hours  at  950  deg.  C.  Temperatures  were  held  constant 
with  Wheelco  controllers.  Quenching  was  performed  by  breaking 
the  capsules  under  water.  Microstructures  and  X-ray  diffraction 
plots  revealed  evidence  of  an  extra  phase  designated  as  q. 

It  was  found  that  breaking  quartz  capsules  under  water 
resulted  in  visible  contamination  of  the  powder  specimens.  This 
practice  was  discontinued  when  quenches  without  breaking  the  capsule 


gave  uncontaminated  specimens  which  contained  the  additional  phase 
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sought*  It  was  found  that  a  soaking  period  of  one  hour  at  950  deg.  C. 
was  sufficient  to  produce  the  q  phase.  A  series  of  alloys  0$  to 
36 *-+5$  aluminum  was  heat-treated  in  this  manner  to  establish  the 
constitution  limits  of  this  extra  phase.  Several  alloys  were  slow- 
cooled  from  950  deg.  C.  to  determine  whether  the  extra  phase  trans¬ 
formed  under  conditions  approaching  equilibrium. 

The  lump  specimens  that  had  previously  been  heat-treated 
for  500  hours  at  950  deg.  C.  were  cold  worked  and  then  soaked  at 
950  deg.  C.  for  one  hour  in  an  attempt  to  obtain  further  evidence 
of  the  extra  phase.  It  was  hoped  that  the  energy  supplied  during 
hammering  the  solid  would  increase  the  rate  of  formation  of  the  new 
phase.  Microhardness  measurements  were  taken  on  the  7.59$  aluminum 
lump  specimen  in  an  attempt  to  distinguish  phases. 

Studies  were  made  of  the  etching  characteristics  of  the 
following  reagents:  The  Remington  A  etch:  (hydrofluoric  acid, 
nitric  acid  and  glycerine  1:1:2);  the  alkaline  etch:  (hydrogen 
peroxide,  potassium  hydroxide,  and  water  1:2:4);  and  the  sulfuric 
acid  etch:  (sulfuric  acid  and  water  1:1). 

High  Temperature  Microscopy  Studies 

In  a  further  stage  of  the  work  a  Leitz  hot-stage  microscope 
was  used  to  study  -micro structures  and  transformation  mechanisms 
at  temperature  in  an  attempt  to  confirm  the  work  just  described. 


Alloys  ranging  from  0$  to  23.80 $  aluminum,  held  at  temperature 
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in  the  unit  for  about  one  hour,  and  alloys  which  had  been  soaked  for 
140  hours  at  800  deg,  C,  and  then  quenched  were  examined. 

Considerable  difficulty  arose  in  developing  a  satisfactory 
technique,  due  to  the  high  reactivity  of  the  alloys  at  elevated 
temperatures.  Further,  it  was  impossible  to  machine  alloys  contain¬ 
ing  more  than  10$  aluminum. 

The  required  specimens  were  shaped  cylindrically  to  fit 
inside  the  resistance  furnace  of  the  hot-stage.  One  flat  end,  of  the 
specimen  was  drilled  so  that  it  would  fit  over  the  thermocouple  holder. 
Pure  titanium,  and  alloys  containing  up  to  10$  aluminum,  could  be 
machined  into  shape  with  little  difficulty.  Alloys  containing 
more  than  10$  aluminum  proved  far  too  brittle  to  machine.  An 
attempt  was  made  to  cast  the  brittle  alloys  into  the  required  shape 
in  a  copper  mold.  However,  the  projection  in  the  mold  which  forms 
the  hole  in  the  specimen  to  take  the  thermocouple  holder,  fused  to 
the  alloy  during  casting.  This  difficulty  was  overcome  by  using  a 
pure  titanium  projection  and  then  machining  out  the  centre  core  of 
the  specimen.  It  was  felt  that  little  diffusion  between  titanium 
and  the  alloy  would  take  place  during  the  examination* 

Considerable  difficulty  also  arose  through  contamination 
from  the  heating  coil  refractory,  which  was  difficult  to  outgas. 

A  winding  of  zirconium  wire  around  the  specimen  was  used  as  a  getter 
for  oxygen  and  nitrogen,  which  greatly  reduced  contamination. 
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A  surface  product  obscuring  the  structure  was  formed  by 
oxidation  of  the  etchant.  By  electrolytic  polishing,  which  some¬ 
times  brought  out  the  structure,  and  by  using  a  very  light  etch, 
the  specimen  surface  could  be  kept  clean. 

The  limiting  range  of  the  high  temperature  microscope  was 
1050  deg.  C.  which  precluded  a  detailed  study  of  mechanisms  since 
many  of  the  alleged  phases  occurred  in  the  region  above  1050  deg.  C. 

A  standard  technique  was  established  on  iodide  titanium. 

High  Temperature  X-ray  Studies 

The  final  stage  of  the  project  was  an  attempt  to  study 

(9) 

equilibrium  phases  at  temperature  with  a  hot-stage  X-ray  goniometer 
(see  Appendix  E).  However,  operational  difficulties  prevented  com¬ 
pletion  of  this  work.  Initially,  the  unit  was  operated  with  an  argon 
atmosphere  under  a  positive  pressure  of  1  inch  of  mercury.  However, 
due  to  the  conductivity  of  the  gas  the  furnace  elements  melted  be¬ 
fore  the  required  specimen  temperature  of  950  deg.  C.  was  reached. 

An  alternative  method  was  attempted  in  which  the  unit  was  operated 

c 

under  a  vacuum  of  10“°  mm.  mercury,  which  greatly  reduced  heat  losses 
due  to  conduction.  It  was  found  that  under  a  vacuum  the  insulation 
broke  down  causing  a  short  circuit.  This  part  of  the  project  was 
therefore  abandoned,  since  a  careful  redesign  of  the  apparatus  ap¬ 
peared  to  be  imperative. 
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RESULTS  AND  DISCUSSION 


To  facilitate  presentation,  the  results  of  controls,  X-ray 
diffraction,  and  net  alio  graphic  experiments  are  separated,,  A  dis¬ 
cussion  follows  each  series  of  results. 

Control  Results 

A  chemical  analysis  for  impurities  the  alloy  filings  gave: 
0„77$  iron  and  0.1*J carbon. 

Hardness  measurements  of  titanium  specimens  used  as  standards 
are  given  in  Table  1, 


Table  I  -  Hardness  of  Samples  for  Contamination  Control 


Hardness 


Operation 

Before  Operation 

After  Operation 

Inconel  Furnace 
(iodide  titanium) 

DPH  120  t  3 

20  gnu  load 

DPH  119  t  3 
20  gnu  load 

Quartz  Capsules 
(iodide  titanium) 

DPH  12  £  3 

20  gnu  load 

DPH  121  £  3 
20  gm0  load 

Rapid  Quench  Furnace 
(Sponge  titanium) 

Rf  80  t  2 

Rf  82  t  2 

Hot  Stage  Microscope 
(iodide  titanium) 

DPH  117  *  3 

20  gnu  load 

DPH  126  *  3 
20  gm„  load 

\ 
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An  X-ray  diffraction  analysis  of  heat-treated  titanium  powder 
shoved  only  single  phase  cK  •  X-ray  analysis  of  oxygen -contaminated 
specimens  gave  reflections  bhat  were  indexed  as  TiO  and  were  differ¬ 
ent  from  those  indexed  as  q, 

The  lattice  parameters  a  end  c  of  several  alloys  were  lower 
than  those  previously  reported*  A  comparison  of  parameter  values 
with  those  reported  by  McQuillan  are  given  in  Table  II. 

Table  II  -  Lattice  Parameters  of  Solid  Solution 


°jo  Aluminum 

Present 

Work 

McQuillan 

a 

c 

a 

c 

5.53 

2.90 

4.63 

2.95 

4.68 

9.19 

2.90 

4.63 

2.93 

4.67 

14.10 

2.88 

4.62 

2.90 

4.65 

18.34 

2.36 

4.58 

2.89 

4.63 

A  calibration  curve  for  the  hot  stage  microscope  temper¬ 
ature  controller  is  given  in  Figure  5* 

Discussion  of  Control  Results 

Although  production  of  powders  by  filing  is  an  accepted 
method,  the  contamination  indicated  in  this  experiment  appears  to 
be  abnormally  high.  It  is  possible  that  in  addition  to  incomplete 
pick-up  of  iron  filings  by  the  magnet  some  diffusion  of  iron  and 


ry 


'  A,  . 

":;;c(  : 'r ndd:d  r‘td sriu-d'GOj:'  Jo  rid:  3 r:  .c  •  j:d*o  x'J'JJ.  '~;yi”Y  ci/| 
d  ii  e d  3-  ■  o  -  C  j  .£  I  ..  o-  ,  $a  -  /  -  ~  c  ; 

”-rd:r'id  r~:  v  dr  ?.  xJ:d.'  jo  6  E?::r. o.r±  dand  aaoJ:  docJClm  ^vry  na:  ;  rior-.  ■-.? 


#  o 


.  -j 


CCii: 


lo  a 


OQI  '*'! 


;X5J j  Jr 


acxdodx :v.r-d  rj. -jxx  J  ■.  3_r:;  j  , ,  „ 


j  '  o‘ 


jixOVj 


/J,.|  (X.5 


, 


_  ,  ■!' 


. 


(  ,  J 


~x:  .ii  r-j  ir,  cd:',cto.J  c'f-nda  ded  sr-d*  ici  rvir’f  ceddno  'J.Jxq 


..! 

*  V 


i  :  o 


nro' 


o  ;r  oo  re?  c  o  .:.L 

,r'  l:c oc:':  cd  acdddjj/jc 
f?3  ct.”;  ?:o  r.o.*:r;j 


■  ■'rs.obWQiy  ic  ;ioJ:c,  oudoij- 
si  rich  i  J:  .dodoo.cdrj:  :  ;o.t  dru'/liHr: 
d  a  d  r . ; ;;  a  or  ex  dd  »  •; 

r:‘  CH  d  f  ;jrr  r  . 


a^;jo.clv.u 

;J  ;:C3  r  r'd 

xxl  '  :dd  j; xx:v .  x  x 

rx’  '  c  .  - -;To.‘: 


METER  TEMPERATURE 


Z  0. 


Figure  5.  Calibration  Curve  for  Hot  Stsge 
Microscope  Controller 
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carbon  into  the  sample  occurs  at  points  of  contact  with  the  file* 

(7) 

A  method  of  avoiding  filing  (advanced  by  Margolin)  is  to  crush 
alloys  previously  embrittled  by  hydrogenation*  Here  the  possibility 
of  hydrogen  contamination  arises  due  to  incomplete  dehydrogenation* 

The  hardness  determinations  do  not  give  absolute  values  of 
contamination,  but  show  that  the  techniques  were  sound.  The  slight 
increases  in  hardness  noted  on  the  specimen  used  for  high  temperature 
microscopy  were  probably  due  to  the  oxygen  and  nitrogen  entrapped 
in  the  refractory  furnace  lining. 

The  observed  decrease  in  the  c  lattice  parameter  of  the 
solid  solution  is  an  indication  of  the  purity  of  the  alloys, 
since  contaminating  elements  appreciably  increase  the  c  lattice 
parameter. 

X-ray  diffraction  techniques  will  not  indicate  a  second 
phase  present  in  quantities  of  less  than  about  5$. 
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X-ray  Diffraction  Results 


A  summary  of  the  X-ray  diffraction  results  is  given  in 
Tables  III  and  IV.  The  results  for  alloys  heat-treated  and  quenched 
in  molybdenum- lined  quartz  capsules  show  the  presence  of  two  phases, 
c A  and  a  new  phase  designated  as  q  in  the  range  6.1 $  to  3 &f> 

aluminum.  The  new  phase  has  been  established  as  tetragonal  with 
lattice  parameters  of  a  :  4.778°  A.  and  c  s  5*256°  A.  (see  Table  V). 
X-ray  results  of  water  quenched  lump  specimens  and  argon  and  helium 
quenched  powder  alloys  were  not  conclusive. 
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Table  III  -  X-ray  Diffraction  Results 
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Discussion  of  X-ray  Diffraction  Results 


It  was  found  that  copper  A(a)  radiation  gave  superior  results 
to  cobalt  radiation. 

The  structure  and  lattice  parameters  of  the  q  phase  have  been 
calculated  from  the  formula  Sin2  ©  »  (*tef  •  Table  V) 

where  9  is  the  Bragg  angle,  a  and  c  are  the  lattice  parameters, 
h,  K,  1,  are  the  reflection  indices,  and  A  is  the  wave-length  of 
copper  radiation.  The  X-ray  diffraction  results  given  in  Tab3.es  III 
and  IV  show  that  soaking  time  and  cold  work  are  important  factors 
in  promoting  the  formation  of  equilibrium  phases  in  the  titanium- 
aluminum.  system.  The  Q  values  of  the  q  phase  obtained  from  X-ray 
diffraction  photographs  differ  from  &  values  calculated  from  lattice 
parameters  of  phases  reported  by  previous  investigators. 

Lack  of  conclusive  results  from  lump  specimens  may  be  attri¬ 
buted  to  absence  of  cold  work,  volume  restriction,  and  sample  size. 

A  tentative  partial  phase  diagram  of  the  titanium-aluminum 
system  is  given  in  Figure  33*  The  upper  regions  of  the  diagram  are 
discussed  under  high  temperature  microscopy.  The  boundary  of  the  two- 
phase  region  A  A  at  the  titanium-rich  end  of  the  diagram  has 
been  accurately  determined  at  6,1$  aluminum.  The  other  limits  of 
d  and  TiAl.  ranges  are  only  tentatively  established.  The 

water-quenched  powders  of  27  <>5 2$  and  29*09 $  aluminum  show  retained 
TiAl,  while  slow-cooled  specimens  of  the  same  composition  show  two 
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Table  V  -  Reflection  Indices  of  the  q  Fhase 
(all  reflections  have  been  omitted) 
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phases  o(  and  q  indicating  that  Ti#l  +  Q 

The  relative  intensities  (determined  by  inspection) of  the 
q  phase  reflections  of  quenched  and  slow-cooled  specimens  were  similar, 
suggesting  that  (q)  is  not  ordered.  The  absence  of  ordering  is 
further  supported  by  the  lack  of  additional  reflections  from  the  slowly 
cooled  samples. 
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Results  of  High  Temperature  Microscopy 

It  should  he  noted  that  preliminary  results  were  obtained 
on  pure  titanium.  While  these  were  initially  of  significance  only 
as  a  means  of  setting  up  the  technique,  their  greater  significance 
is  indicated  in  the  subsequent  results  and  discussion. 

High  temperature  photomicrographs  are  reproduced  in  Figures 

6  to  25: 

1.  A  specimen  of  iodide  titanium  (see  Figure  6)  was  heated 
at  a  rate  of  5  deg.  C.  per  minute.  At  870  deg.  C. 

(  -  5  deg.  C.)  the  etching  product  disappeared,  the 

oi  grain  boundaries  showed  relief  and  some  new  grain 
boundaries  (presumably  of  /3  )  appeared  (Figure  7>  see 

arrow).  Some  evidence  of  /3  grain  growth  is  indicated 
by  the  longitudinal  movement  of  a  ft  grain  boundary 
(Figures  7,  8,  see  arrow). 

2.  The  /3  -*■<<  transformation  was  observed  at  845  deg.  C. 
during  cooling  at  a  rate  of  2  deg.  C,  per  minute  (see 
Figures  9,  10),  The  transformation  was  indicated  by  an 
isothermal  rumpling  of  the  surface, 

3.  Alloys  containing  5*1 2$  aluminum  heated  to  the  /3- 
region  show  transformations  occurring  at  925  deg.  C. 
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that  are  similar  to  those  observed  in  pure  titanium 
(see  Figures  12,  13). 

k.  Transformation  of  an  alloy  containing  6. 1$  aluminum  is 
indicated  at  1000  deg*  C,  by  the  disappearance  of  the 
etching  product  and  a  slight  broadening  of  an  grain 
boundary  (Figure  15  see  arrow)*  The  appearance  of  what 
are  presumably  the  /3  grains  was  observed  at  1070  deg. 

C.  (Figure  1 6  see  arrow).  Some  of  the  grains  assumed 
a  warped  texture  and  developed  subgrains  (Figures  17  - 
18).  After  a  time  lapse  of  one -half  hour  a  further  struct¬ 
ural  change  occurred,  which  was  the  propagation  of  some 
grain  boundary  interfaces  (Figures  19).  Figure  20  shows 
the  interaction  of  two  migrating  interfaces  which,  on 
contact,  form  a  grain  boundary*  The  apparent  contact 
of  two  other  interfaces  shows  no  discontinuity  (Figure  20, 
see  arrow).  The  fine  subgrains  appeared  almost  instant¬ 
aneously  in  the  new  structure,  but  did  not  develop  in  the 
non- rumpled  structure.  On  cooling,  a  surface  rumpling 
occurred  at  1050  deg.  C.  similar  to  that  in  pure  titanium, 
hut  of  much  less  intensity. 

5.  Figures  22  to  25  show  the  high  temperature  structure  of 
the  7.5$  and  9*87$  aluminum  alloys.  Broadening  of  the 
X-  grain  boundaries  is  evident,  but  no  /3 grain  bound¬ 
aries  or  surface  rumpling  effects  were  observed. 
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6.  Alloys  containing  12.6$,  18.06$  and  23-8$  aluminum 
showed  no  change  in  phase  or  precipitation  phenomena,, 

7.  Alloys  containing  7°5$>  9*87$,  12.6$  and  18.8 $  aluminum, 
soaked  for  140  hours  at  800  deg.  C.  and  then  water  quenched, 
showed  no  new  features. 

8.  All  surface  transformed  structures  were  retained  on 
cooling  to  room  temperature.  The  subsurface  structure 
produced  by  repolishing  and  re -etching  showed  single 
phase  . 

Results  of  Room  ‘Temperature  Microscopy 

1.  The  structure  in  Figure  26  of  a  7*59$  aluminum  alloy, 
water  quenched  from  950  deg.  C.  after  a  500  hour  soaking 
period,  shows  the  presence  of  approximately  15$  of  a 
second  phase.  This  second  phase  could  not  be  detected 
by  X-ray  diffraction  techniques.  Microhardness  measure¬ 
ments  were  the  same  for  the  precipitate  and  parent  metal. 
Figure  27 >  is  of  a  7*59$  aluminum  alloy  which  had  been 
water  quenched  from  95°  deg.  C.  after  a  soaking  period  of 
500  hours,  cold  worked,  and  then  water  quenched  again  from 
950  deg.  C.  after  a  soaking  period  of  one  hour.  Some 
evidence  of  the  q  phase  in  this  alloy  is  given  by  gonio¬ 
meter  plots.  It  is  interesting  to  note  that  although 
recrystallization  has  occurred  after  cold  working,  the 
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original  structure  can  still  be  seen.  The  structures  in 
Figures  2 6  and  27  could  be  reproduced  with  each  of  the 
three  etches* 

2*  Figure  28,  of  a  9.75$  aluminum  alloy,  water  quenched 

from  950  deg.  C.  after  a  570  hour  soaking  period,  etched 

(7) 

with  the  Remington  A  etch,  agrees  with  Margolin’s 
structure  of  the  two  phases  <?(  +  £  «  It  is  assumed 

£  is  the  dark  structure*  Figure  29  of  the  same  alloy 
etched  with  the  alkaline  reagent  suggests  a  single  phase 
only. 

3.  Figures  30,  31,  32  are  all  of  the  same  alloy  containing 
13*03$  aluminum  etched  with  the  Remington  A  etch,  the 
alkaline  etch  and  the  sulfuric  acid  etch  respectively. 
Figure  30  suggests  a  grain  boundary  precipitate,  while 
Figures  31  and  32  show  only  grain  boundaries. 
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Figure  6.  Micro structure  of  Iodide  Titanium, 
room  temperature.  Etched  with  the 
Remington  A  etch,  x  1000 


Figure  7.  Micro structure  of  Iodide  Titanium, 

.  C. 


Figure  S.  Mi cr© structure  of  Iodide  Titanium 
at  870  deg.  C.  ("after  a  half  hour 
.  at  this  temperature . 


igure  9.  Mierostri 

at  845  cieg.  C.  (cooling  rate  of 
2  deg.  C.  per  minute). 


a* 
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Figure  10.  Mi ero structure  of  Iodide  Titanium, 
at  845  deg.  C.  (6  seconds  after 
Figure  9 ) . 


Figure  11.  MicroKructure  of  Iodide  Titanium, 
cooled  to  room  temperature. 


Figure  13.  Micro  structure  of  5.12  %  ill  alloy 
cooled  to  room  temperature. 


Figure  14.  I  Icrostructure  of  6.1  l'  A1  alloy 
at  room  temperature.  Itched  with 
the  Remington  A  etch,  x  1000 


Figure  17. 


Kicro structure  of  6.1  %  A1  alloy 

.  C . 


Figure  18.  1  ,;i cro structure  of  6.1  jo  A1  alloy 
at  1070  deg.  C.,  showing  suh- 
grains  in  the  rumpled  structure, 
after  15  minutes. 
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ure  22 .  ..  ic restructure  of  7.5 
r o  or :  t  e:zo  e  rat  ure» 


•  Micro structure  or  7.5  %  A1  alloy 
Q-t  1050  de:r .  C  .  Seize  structure 
remains  on  cooling  to  room  tenn¬ 
er  at  ure  . 


Figure  23 
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Figure  24.  Microstructure  of  9  .87  fo  &1  alloy 
at  room  temperature. 


Figure  25.  Hicro structure  of  9.87  ci  -1  alloy 
■  at  1050  deg.  C . 

r eiL r,ins  on  cooling  to  room  t san - 
erature . 
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Figure  £6. 


j  icrostructure  of  7.5?  5  A1  alloy, 
\  a  ter  :  ue  n  c  h  e  d  from.  950  C  .  ~  a  1 1  e  r 


7  e  Air -t  on  *  etch. 


Fi  ure 


Hie restructure  of  7.59  A  A1  alloy, 
rut  r  quenched  rrom  950  C  after 
a  500  hour  so  a.  tiny  period,  then 
cold  aorked  and  wat  =  r  ■: uenched  ana  in 
from  950  C.  after  a  soaking  period 
of  one  hour.  600  Remington  \  etch. 


+  7 


Figure  30 


ilicrostructure  of  13.03  fs  .11  alloy, 
water  quenched  from  950  deg.  C., 
after  a  soaking  period  of  100  lours. 
Remington  A  etch,  x  250 
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licro structure  of  13.03  fb  - 
rater  quenciied  from  950  de; 


.lo: 


after  a  soaking  period  of  500  hours. 
Alkaline  etch,  x  250 


Figure  Microstructure  of  13.03  %  41  alloy 

Vv a t e r  ' ue nc he d  from  95C  C.  after  a 
soaking  period  of  500  hours. 
Sulfuric  acid  etch,  x  ^.50, 


Discussion  of  High  Temperature  Microscopy 


Assuming  a  nucleation  and  growth  mechanism  for  the 
transformation,  nuclei  of  /3  would  grow  by  prorogation  of  the 
eL/S  boundary 0  The  appearance  of  this  on  the  viewed  surface 
would  be  a  racial  transverse  movement  of  a  X/3  boundary  until  the 
boundary  meets  another  growing  /S  grain,  forming  a  grain  bound¬ 
ary. 

An  explanation  of  the  apparent  longitudinal  movement  of  th6 
grain  boundary  may  be  as  follows:  It  is  possible  that  there 
is  a  preferred  orientation  effect  and  only  those  nuclei  that  have  a 
high  lattice  registry  with  the  matrix  phase  will  grow  at  any  appreci¬ 
able  rate.  This  would  seem  plausible  since  a  high  registry  implies 
a  low  interfacial  energy  and  least  rearrangement  of  atoms  for  the 
phase  transformation.  Under  these  conditions  the  boundary 
may  not  be  visible,  since  its  low  energy  would  not  be  sufficient  to 
produce  thermal  etching,  (i.e.  the  depression  of  boundaries  due  at 
temperature  ).  When  two  /3  grains  meet,  the  registry  is  probably 
less,  allowing  thermal  etching  and  visual  development  of  boundaries. 
This  is  discussed  further  in  connection  with  Figures  20  and  21. 

Evidence  of  the  above  mechanism  is  given  by  the  alteration  in 
course  of  the  (3  grain  boundary  as  it  crosses  an  grain 

boundary  (Figure  8 •  see  arrow).  Growth  rate 3  of  the  /3  grains 
vary  with  changes  in  crystallographic  orientation  relationships  on 
crossing  a  grain  boundary,  which  results  in  the  divergence 
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of  the  *3//*  grain  boundary 


Tha  rumpled  surface  produced  by  the  ft  transformation 

indicates  a  shear  mechanism*  It  was  observed  to  progress  at  const¬ 
ant  temperature ,  implying  that  the  process  is  capable  of  isothermal 
progression. 

The  transformation  is  25  deg.  C,  lower  than  tha 

^  transformation.  The  extent  of  supercooling  to  initiate 

the  shear  transformation  is  probably  greater  than  the  extent  of 
superheating  to  initiate  the  diffusion  transformation.  Therefore 
it  would  be  reasonable  to  assume  that  there  is  a  supercooling  of  20 
deg.  C.  in  the  transformation  ft  and  a  superheating  of  5  deg. 

C.  in  the  transformation  X  -*/3  •  The  ^  ^  ft  transformation 

temperature  of  iodide  titanium  is  therefore  suggested  to  be  at  865 
de go  C . 


In  the  5»125&  aluminum  alloy  the  upper  and  lower  transus 
points  of  the  two  phase  region  o(  f  /3  are  difficult  to  determine 
because  local  superheating  or  supercooling  is  possible  at  the  point 
viewed  while  transformations  are  occurring  elsewhere. 

In  the  6,156  aluminum  alloy  ft  grain  boundaries  were  detected 
among  other  processes.  These  grain  boundaries  were  formed  by  the 
same  rapid  longitudinal  progression  that  was  observed  in  the 
transformation  of  pure  titanium.  The  warped  texture  (Figure  18) 
may  possibly  be  a  volume  distortion  effect  caused  by  an  uneven 
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transformation  throughout.  The  subgrains  may  be  slightly  disoriented 
regions  in  the  large  crystal.  The  migrating  interfaces  (Figure  19) 
indicate  a  growth  process  by  diffusion.  The  fact  that  certain  inter¬ 
faces  form  a  grain  boundary  and  others  do  not  (Figure  20,  see  arrow) 
supports  the  registry  theory  discussed  earlier. 

The  q  phase  was  detected  by  X-ray  diffraction  studies  in  the 
6.1$. aluminum  alloy.  Two  possible  relationships  between  the  q  phase 
and  observed  processes  are  as  follows: 

1.  Alloys  containing  up  to  5.1 $  aluminum  have  shown  an 
-<-/?  type  transformation  as  observed  in  pure  titanium. 

In  the  6.1 $,  and  9*78$  aluminum  alloys  initial 

transition  occurs  at  1000  deg.  C.,  1000  deg.  C.  and 
1050  deg.  C.  respectively  as  shown  by  a  broadening  of  o(- 
grain  boundaries*  Since  the  q  phase  cannot  be  detected 
under  the  microscope  it  may  be  assumed  to  be  submicro- 
scopic.  Therefore  broadening  of  the  grain  boundaries 
is  probably  a  transition  of  q  into  .  A  partial 
phase  diagram  indicating  these  phases  is  shown  in  Figure 

33-&« 

At  1070  deg.  C.  the  6.1$  aluminum  alloy  is  in  the  region /3 
(shown  by  the  longitudinal  movement  of  grain  boundaries). 
The  subsequent  appearance  of  rumpling  and  propagation  of 
grain  boundary  interfaces  may  be  associated  with  a  peri- 
tectoid  reaction  ^  /3  t  ¥ 
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by  the  very  slow  transformation  observed,  which  is  charac¬ 
teristic  of  peritectoid  reactions.  The  observed  rumpling 
may  be  due  to  a  volume  change* 

2.  The  second  possible  diagram  is  shown  in  Figure  33-b. 

At  1000  deg.  C.  there  is  a  peritectoid  reaction 
manifested  by  the  grain  boundary  broadening  in  the  6„ 1$, 
7*5$  and  9*78$  aluminum  alloys.  The  warped  texture  shown 
by  some  grains  may  be  an  unstable  transition  state. 
Crystallographic  factors  may  also  influence  the  diffusion 
and  growth.  Since  the  transition  temperature  in  the  9.78$ 
aluminum  alloy  was  measured  at  105 0  deg.  C.,  the  boundary 
slopes  upward,  however  this  may  be  a  hysteresis  effect. 

Discussion  of  Foom  Temperature  Microscopy 

Surface  effects  caused  by  some  etching  reagents  may  lead 
to  erronaous  interpretation  of  microstructures.  The  photomicrographs 

(l>2,3,4,5,7) 

of  previous  workers  show  a  variety  of  structures  for 

the  same  alloy,  which  implies  that  room  temperature  metallographic 
methods  should  be  used  only  when  supplemented  by  other  techniques* 
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TEMPERATURE  t  T  E  MPf  R  A  TU  R  E 


WEIGHT  PERCENT  ALUMINUM 
FIGURE  3  3  (•) 


WEIGHT  PERCENT  ALUMINUM 

FIGURE  33(b) 


Conclusions 


1.  The  transformation  in  iodide  titanium  takes 

place  at  865  deg.  C. 

2.  The  transformation  of  iodide  titanium  is  a 

rapid  nucleaiion  and  growth  process  at  the  heating 
rate  used. 

3.  The  /3  transformation  of  iodide  titanium  is  a 

shear  process,  at  the  cooling  rate  used. 

4.  A  second  phase  q  exists  between  6.1$  and  3 6$  aluminum. 
The  structure  of  q  is  tetragonal  with  lattice  constants 
of  a  =  4.778  and  c  ■  5*256,  and  a  c/a  ratio  of  1.100. 

5.  High  temperature  microscopic  methods  allow  a  direct 
observation  of  transformation  mechanisms,  but  should 
be  supplemented  by  high  temperature  X-ray  diffraction 


methods . 
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APPENDIX  A 


LEVITATION  MELTING  APPARATUS 

Tbe  levitation  melting  unit  (see  Figure  3*0  provides  a 
simple  and  rapid  method  of  producing  high  purity  homogeneous  alloys * 
The  unit  consists  of  a  conical  coil  of  l/8  in*  diameter  bright 
copper  tubing,  connected  to  a  Philips  High  Frequency  Generator* 

The  coil  and  terminals  are  enclosed  in  a  lucite  container  which  is 
evacuated  and  then  filled  with  argon  when  in  operation*  Water  is 
circulated  through  the  coil  as  a  coolant.  The  power  input  into 
the  coil  can  be  varied  from  0  to  2§-  kw,  at  1330  kc.  per  second. 

The  charge  is  placed  into  the  coil  and  the  unit  is  evacu¬ 
ated  for  approximately  10  minutes*  A  stopcock  connected  to  the 
tubing  of  the  vacuum  port  is  then  closed  to  detect  any  leaks  as 
registered  by  the  vacuum  gauge*  Next,  the  apparatus  is  flushed 
three  times  with  argon  and  left  under  an  argon  pressure  of  10  inches 
of  mercury  for  levitation* 

When  the  power  is  turned  on,  the  electro  magnetic  field  of 
the  coil  induces  a  field  of  an  opposite  sign  in  the  charge  causing 
it  to  be  suspended  in  the  coil*  Melting  takes  place  and  eddy  and 
convection  currents  produced  in  the  charge  thoroughly  homogenize  the 
alloy.  The  molten  charge  is  then  poured  into  a  polished  copper  mold 
situated  beneath  the  coil.  The  pouring  technique  is  accomplished  by 
reducing  the  power  input  to  the  coil*  At  low  power,  the  reduced 
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field  acts  as  an  electromagnetic  funnel  which  allows  the  charge  to 
pass  into  the  mold.  In  this  technique  the  molten  charge  is  in  con¬ 
tact  with  the  copper  mold  for  only  a  fraction  of  a  second,  thereby 
minimizing  possible  contamination  from  the  mold.  The  ingot  is 
allowed  to  cool  for  5  minutes  before  it  is  removed  from  the  unit.  The 
higher  purity  is  reflected  in  the  hardness  of  pure  titanium  which 

shows  a  V.P.N.  of  80  as  compared  to  V.P.N.  of  83,4,  103,  and  105 

(8) 

obtained  by  other  investigators  using  arc  melting  furnaces®  There 
is  also  little  chance  for  losses  of  the  charge,  therefore  allowing 
a  close  control  on  composition  of  the  alloys. 
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Figure  34.-  Levitation  Melting  Unit 


APPENDIX  B 


INCONEL  TUBE  FURNACE 

The  inconel  tube  furnace  (see  Figure  35)  enables  a  rapid 
quench  of  powder  specimens,  using  argon  and  helium.  The  apparatus 
is  a  combination  of  an  argon  purification  furnace,  to  remove  traces 
of  water  vapour  and  oxygen,  and  a  specimen  heating  furnace.  Both 
furnaces  are  made  of  1  inch  silica  tubes  with  Kanthal  furnace  e3.e- 
ment  windings  encased  in  refractory  brick,  A  \  inch  molybdenum 
lined  silica  tube  containing  sponge  titanium  is  situated  in  the 
1  inch  silica  purification  furnace  and  allows  the  argon  to  pass 
through  the  heated  titanium,  A  boat  of  phosphorous  pentoxide  is 
placed  ^just  before  the  sponge  titanium  to  remove  any  water  vapour, 

A  cooling  coil  immersed  in  methanol  and  solid  carbon  dioxide  is 
placed  between  the  purification  furnace  and  the  specimen  furnace 
to  refrigerate  the  quenching  medium.  The  specimen  furnace  consists 
of  an  inconel  tube,  inside  the  1  inch  silica  tube  with  a  chromal- 
aiumal  thermocouple  spot  welded  to  its  outside,  A  mercury  manonete 
is  attached  to  the  apparatus, 

A  powder  specimen  is  placed  in  a  molybdenum  boat,  which  is 
introduced  through  pinchcock  C  into  a  copper  tube  evacuating 
chamber  at  the  end  of  the  inconel  tube.  All  pinchcocks  are  vacuum 
tubing  with  clamps.  The  entire  apparatus  is  evacuated  for  one  hour 
The  inconel  tube  is  kept  at  a  temperature  of  300  deg.  C.  during 
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evacuation  to  remove  any  volatiles  which  may  have  adhered  tc  the  tube 
walls.  After  evacuation  argon  is  slowly  passed  through  the  purifica¬ 
tion  furnace  to  the  inconel  tube,  so  flushing  the  apparatus.  The 
system  is  left  under  a  positive  argon  pressure  when  in  operation. 

At  the  proper  temperature  the  molybdenum  boat  containing  the  sample 
is  pushed  into  the  furnace  by  means  of  a  push  rod  and  a  magnet. 
Soaking  time  for  the  powder  specimens  is  2  to  3  minutes  after  which 
the  boat  and  specimen  are  blown  with  the  refrigerated  quenching 
medium  into  the  evacuation  chamber  by  opening  topcccks  B  and  D. 

The  powder  usually  sinters  and  adheres  to  the  boat  after  it  is  blown 
out.  A  fine  mesh  screen  placed  before  the  pump  acts  as  a  powder 
trap.  During  a  helium  quench  all  flushing  and  pre-heating  was  done 
with  argon  since  helium  is  only  of  commercial  grade.  The  helium  is 
introduced  to  the  system  between  the  purification  furnace  and  the 
cooling  coils. 
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Figure  35.  -  Inconel  Tube  Furnace 


APPENDIX  C 


RAPID  QUENCH  FURNACE 

A  rapid  quench  furnace  for  solid  specimens  is  shown  in 
Figure  36*  A  conventional  resistance-wound  tube  furnace  is  sus¬ 
pended  on  bearings  so  that  it  can  be  rotated  from  the  horizontal  to 
the  vertical  position*  Water-cooled  ends  are  attached  to  the  silica 
furnace  tube  with  vacuum  wax.  One  end  contains  the  argon-vacuum 
connection  and  the  control  thermocouple#  The  other  end  supports  a 
thin  glass  disc  which  is  sealed  on  with  vacuum  wax.  The  specimen 
is  contained  in  a  molybdenum-lined  copper  block  which  rests  against 
the  thermocouple. 

The  furnace  is  outgassed  at  300  deg.  C.,  purged  several  times 
with  argon,  and  left  at  a  positive  pressure  of  1  inch  of  mercury. 

The  expansion  of  gas  during  the  heating  period  is  relieved  through 
the  manometer.  After  soaking  the  specimen  at  the  required  temperature, 
the  quench  is  made  by  rotating  the  furnace  to  the  vertical  position. 

The  copper  block  falls  down  the  furnace,  breaking  the  glass  seal  and 
ejecting  the  specimen  into  the  quench  bath.  The  purpose  of  the 
copper  block  is  to  conserve  heat  in  the  specimen  and  to  break  the 
glass  seal.  The  quenching  time  is  estimated  to  he  not  more  than 
0.2  sec.  A  piece  of  pure  titanium  is  included  with  each  specimen 
to  permit  a  hardness  check  for  contamination. 
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Figure  36.  -  R^.pid  Q/uench  Furnace 


APPENDIX  D 


HOT  STAGE  MICROSCOPE 

A  Leitz  hot  stage  microscope  (see  Figure  37  )  was  used  for 
study  of  phase  transformations  at  elevated  temperatures.  The  princi¬ 
pal  apparatus  consists  of  a  microscope,  camera  attachment,  vacuum 
heating  stage,  power  supply,  and  a  temperature  controller. 

The  specimens  for  the  unit  are  cylindrical  with  a  hole  drilled 
into  a  flat  end,  into  which  the  thermocouple  is  inserted.  Preparation 
of  a  specimen  surface  is  hy  electrolytic  polishing  and  a  slight 
etch  if  necessary.  Over-etching  results  in  an  oxidation  product 
forming  at  high  temperatures,  which  masks  the  structural  changes 
taking  place.  A  ring  of  zirconium,  wire  is  wound  around  the  specimen 
near  its  top  to  act  as  a  getter  for  oxygen. 

The  specimen  fits  inside  a  heating  coil  and  over  a  thermo¬ 
couple  element  holder.  The  thermocouple  is  approximately  l/8  inch 
below  the  viewed  surface.  Power  is  supplied  from  a  12  volt  regulator 
attached  to  a  Wheelco  temperature  controller.  The  specimen  surface 
is  viewed  through  two  quartz  glass  plates  which  act  as  heat  insulators 
and  also  serve  as  a  vacuum  seal  for  the  heating  stage. 

The  stage  is  outgassed,  purged  with  argon,  and  left  under 
a  positive  argon  pressure  of  1  inch  mercury.  The  expanding  gas  is 
released  through  a  mercury  manometer.  Photographs  were  taken  with 
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a  Leica  35  mm.  camera.  A  trial  and  error  method  was  used  to  obtain 


satisfactory  exposure  times,  suitable  illumination,  etc. 


m 


■DC 


ocil; 


rv  r;  1st 


,  orL  )  x  1, o  'I  /  3  >;<■  t  3  c  dtiodd  Iniuna 


4 


C* 


Figure  -7 ,  -  Hot  St*ge  Microp.cooe  Assembly 


APPENDIX  E 


X-RAY  DIFFRACTION  APPARATUS 

The  X-ray  equipment  used  was  a  Philips  FW  1009  unit  equipped 
with  Debye -Scherrer  type  cameras  and  a  wide  range  goniometer*  Copper 
and  cobalt  targets  were  used.  Specimens  for  the  cameras  were  minus 
200  mesh  powders  or  i  mm.  diameter  rods.  In  the  goniometer,  either 
powders  mounted  on  a  glass  plate  or  flat  specimens  were  used. 

Two  new  features  added  to  the  X-ray  diffraction  unit  were  a 
specimen  spinner  (see  Figure  38  )  and  a  high  temperature  specimen 
holder  for  the  goniometer. 

The  specimen  spinner  was  developed  to  minimize  the  preferred 
orientation  effects  due  to  large  grain  size  by  rotating  the  specimen 
in  the  reflection  plane  of  the  diffraction  unit.  It  is  interchange¬ 
able  with  the  standard  specimen  holder  of  the  wide  range  goniometer. 

The  body  A  cf  the  spinner  is  bolted  against  the  flat  face 
of  the  specimen  holder  l>y  two  Allen  screws  N  which  normally  hold  a 
spring  clip  in  place.  The  specimen  is  placed  on  the  table  B  so  that 
its  surface  coincides  with  the  plane  of  the  top  of  the  body  A.  This 
ensures  that  the  specimen  surface  or  powder  layer  coincides  with  the 
focussing  plane  of  the  goniometer.  A  small  piece  of  plasticine  be¬ 
tween  the  specimen  and  table  B  gives  sufficient  adhesion  for  a  posi¬ 
tive  drive  and  adequate  flexibility  to  provide  alignment.  The  table 
B  is  rotated  at  8  r.p.m.  by  a  very  small  single  phase  motor  which  is 
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mounted  on  the  radiation  shield.  The  motor  drives  the  horizontal 
spring  loaded  key  C  which  engages  with  the  slot  M  of  the  disc  to  which 
the  table  B  is  fastened.  The  bearing  D  for  the  drive  shaft  is  screwed 
through  the  radiation  shield  spacer  replacing  a  small  fixing  screw. 

The  high  temperature  specimen  holder  consists  of  a  Kanthal  or 
zirconium  wire  furnace  inside  a  brass  cylinder  with  molybdenum  radi¬ 
ation  shields  wrapped  around  the  coils,  for  heat  reflection.  A  slot 
cut  through  the  brass  and  molybdenum  permits  passage  of  V-rays.  An 
aluminum  foil  through  which  the  x-rays  pass  covers  the  slot  to  make 
the  brass  cylinder  vacuum  tight.  The  apparatus  is  operated  under 
approximately  10“^  mm.  mercury  which  is  produced  by  a  mercury  dif¬ 
fusion  pump  and  liquid  nitrogen  trap.  Power  is  supplied  through  a 
270  volt  transformer.  A  thermocouple  inside  the  cylinder  is  attached 
to  a  Wheelco  temperature  controller.  The  unit  is  interchangeable 
with  the  plate  holder  of  the  ordinary  goniometer. 


Figure  38.  -  Specimen  Spinner  Assembly 


BIBLIOGRAPHY 


1*  H.R.  Ogden;  D.J.  Maykuth;  W.L.  Finlay;  R.I.  Joffee;  Trans. 
A.I.M.E.  191  (1951)  1150. 

2.  E.3.  Bumps;  E.D.  Kessler;  M.  Hansen;  Trans.  A.I.M.E.  194 

(1952)  609. 

3.  1. 1.  Kamilov;  E.N.  Pilajeva;  M.A.  Volkova;  Izvestia  Akademii, 

Nauk,  U.S.S.R.  7  (1956)  2. 

4.  K.  Lagel;  E.  Schutz;  U.  Zwicher;  M9tallkunde  46  (1956). 

5*  P.A.  Crossley;  W.F.  Carew;  Trans.  A.I.M.E.  (1957)  43. 

6.  A.  Saulnier;  P.  Mirand;  Compte  Rendu  Academie  das  Sciences 

248,  (1958). 

7.  H.  Margolin;  E.  Ence;  Research  and  Development  with  respect 

to  the  Ti-Al-0  system.  DA-30-069-505-0KD-1781. 

8.  A.D.  McQuillan;  M,K.  McQuillan;  Butterworth  Sc.  Pub.  London  1956, 

9*  R*G.  Butters;  J.G.  Parr;  Chadian  Journal  of  Technology  33, 

(1955)  117.  — 

10.  R.  Swann;  J.G.  Parr;  Trans.  A.I.M.E.  212  (1958)  276. 

11.  S.J.  Wiskal;  W.V.  Youdelis;  J.G.  Parr;  To  he  published  Trans. 

A. I .M. E . 


rv 


References  to  Theory 


1,  N.F.  Mott;  R.  Jones;  "The  Theory  of  the  Properties  of  Metals 

and  Alloys",  1936:  Oxford  (Claredon  Press)* 

2.  W.  Hume-Rothory;  H.M.  Irving:  R.J.P.  Williams;  Proc.  Roy* 

Soc.,  1952,  208  (A),  431. 

3*  G«V.  Raynor;  "Progress  in  Metal  Physics"  (Edited  by  B0  Chalmers), 
Vol,  I,  19^9:  Iondon  ( Butte rworth*s  Scientific  Publications). 

4*  L0  Brillouin;  Compte  Rendu  Academie  des  Sciences,  1930,  191, 

198,  122. 

5.  H.  Jones;  Proc,  Roy.  Soc.,  1934,  A  144 ,  225;  1934,  A  147,  396* 

6.  J.C.  Slater;  J.  App.  Phys*,  1937,  8,  385. 

7.  L.  Pauling;  Phys.  Rev.,  1938,  54,  899. 

8.  L.  Pauling;  F.J.  Ewing;  Rev.  Mod.  Phys.,  1947-48,  19-20,  112* 

9.  L.  Pauling;  Proc.  Roy.  Soc.,  1949,  196,  343* 

10.  R.L.  Berry;  M.B.  Waldron;  G.V.  Raynor;  Research,  1950,  3, 

195. 

11.  G.V.  Raynor;  Proc.  Roy.  Soc.,  1940,  74,  457;  1942,  80,  107 . 

12.  H.  Jones;  Proc.  Roy.  Soc,,  1934,  47,  400. 

.  W.  Rc stoker;  Journal  of  Metals,  1952,  4,  212. 


13 


:  .  o  t  'i 


7  •/  7  ■  .  7  /:  :  -  ■  :  *j-  :  ..  d  «  . 

,  '  :  .  7. ..  .  . :  'io  I'j)  ■ ...  ... :  :  £P.[  .a  r.[ 

*  *or  '  ■  7'.. 7  .  T**;  ,  .7  ;  7  ;;.7  - 

77;  t(  0  .Sc  ::  x . o: 

.(  7  '  -  •  7  7  o7  7  )  '7o7:;',.  -7,;7  7  7  -7 7-77  77 

*(•  77-0.7.  •  o  7.7  :•  o .  ■■ T  :'■■■: c 7 77  •  ■■  )  l  ■.  .  : /:-7"7  7...'  ,  7/7 


. 


*7  .  .  *  0  :o  •  :7'  -  .  73  :7  :\v  \r  .'  .77.- 

oor  f!o  i 


,  -  ^aa  ,  £  t4£  x  , 


30; 


7  ■-  ^ 


S  7  ,  -  7 


,  f  rt  O  r*  r  r  r  ’  "r . 

.  c  t<  .  ...  . . 


..  '  „ '.  .  ■ 


77  *007.7  laoiid,  , 

•  i>  t.  ...  .  '  1  .  >  < 

- 

? 


,  .  .  ,7.  ;  :■  77 

7  v  ..  7  or.  :  V  ,  -  :  .  7 


a 

.  pc  r 


>cx 


I  ,  -  -  .7  ,3  r  „  , 

77  *7-  d  •;  <,  . o.  ,  .  *o  :  .  . 

*77  .  :  f  v  ;  ■'  7'..  ,  oTs  ;  ...  \  ,  . 


0 


